The increase in MCHC contributed by the p" phenotype explains many effects attributable to increased polymer formation,* with possible minor contributions from the interactions between HbS and HbC? Some of the observations leading to these conclusions were confirmed by Bunn et a1: who also pointed out that the higher percent of ps in SC (about 50% HbS) than in AS (40% HbS) also contributes to increased sickling in SC cells.
SC disease, based on the assumption that HbC crystallization does not occur in SC cells, at least "in vivo." Hence, the syndrome has been thought to be dominated by the tendency of the SC cells to sickle.
However, evidence reported here shows that a subset of circulating SC cells do have intracellular crystals. This phenomenon can be observed particularly in SC patients with a full complement of a genes and these cells are found predominantly in the densest fraction of RBCs. In addition, we find that SC reticulocytes, independent of a-thalassemia status, are found predominantly among the densest RBCs in SC blood, in contrast to the low density of reticulocytes in AA and SS blood. High-density reticulocytes seem then to be a feature characteristic of the cells containing p', because CC reticulocytes are also dense.5 Finally, SC RBCs have a tendency to acquire a "folded" appearance, similar to shape changes previously observed in CC disease.'
MATERIALS AND METHODS

Patient material and clinical laboratory studies.
Patients were examined in the Hematology Clinic of the Bronx Municipal Hospital Center, as well as in the Heredity Clinic (Dr H.H. Billett, Director) of the Bronx Comprehensive Sickle Cell Center. Diagnosis was based on two electrophoreses (cellulose acetate, borate buffer, pH 8.6, and agar, citrate buffer, pH 6.4) and a solubility test. Hematologic indices were determined with a Technicon H1 (Technicon, Tarrytown, NY) or a Coulter counter S+IV (Coulter, Hialeah, FL). Reticulocyte determinations were performed by a single observer who counted a minimum of 1,000 cells. Type 1 reticulocytes had abundant intracellular particles that tended to aggregate in one sector of the cell as a pseudo-nucleus; type 2 reticulocytes had abundant stainable particles (typically 15 or more) that were dispersed; type 3 had between 5 and 15; and type 4 had 5 or less particles. Type 1 and 2 are referred to as stress reticulocytes.
To classify a cell as containing a crystal, the intracellular body has to be very dense, have sharp, straight edges, and have partially or completely depleted the cytosolic content (Hb in solution) of the cell; this last feature was most apparent when a thin rim of RBC membrane was observed encircling the crystal inclusion(s). In "billiard-ball cells" the dense intracellular body was rounded, without sharp edges, and eccentrically located; this left a portion of the RBC in which the cytosol seemed devoid of Hb and the membrane appears empty.
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RBC densify fictionation. The percent of dense cells was determined from Percoll-Stractan continuous density gradients as previously described." In these experiments we used Larex, a purified form of Stractan, manufactured by Consulting Associates (Tacoma, WA). All cell density separations were performed at 37°C except where noted. Separations performed at 4°C required an extended period of centrifugation (2 hours) to attain the same density profile. The SC4 fraction (MCHC > 42 g/dL, density > 1.103 g/mL) is the densest of four fractions (SCl to SC4)."
Gradients formulated with nitrate as the anion were made with Larex subjected to an additional Amberlite MB-3 (Sigma, St Louis, MO) extraction step as previously described' to remove residual Cl-. The divisions were made at densities that are similar to, but higher than those made for SS cells (Fig I) , hence a different nomenclature (SCl to SC4) is used. The densities in grams per deciliter used to define SC fractions were: SCI, less than 1.081; SC2, between 1.081 and 1.087; SC3, between 1.087 to 1.097; SC4, greater than 1.097. The percent of irreversibly sickled cells (ISCs) was determined by a single observer who counted 1,OOO RBCs.
HbF determination. The percent of HbF was measured by alkaline denaturation." DNA analysis. DNA was prepared from the subjects' white blood cells (WBCs) by previously described techniques? Haplotype analysis of the P-like globin gene cluster was performed in one group of patients with the following restriction endonucleases: Hindlll,Hincll, Hinfl, and Hpa 1. In another group, the haplotypes were determined by polymerase chain reaction (PCR) amplification of the appropriate sequences that enables the detection of polymorphic sites by simple digestion with either Hindlll, Hincll, or Hinfl5' to the P gene site. The PCR detection of the site Hpa I 3' to f3 chain has proven to be unreliable, so this site has only been defined by Southern blotting. Digestion of the PCR-amplified segments yielded easily identifiable fragments detected by ethidium bromide.'" Some DNA was processed by both methods with identical results. The a-globin gene haplotypes were determined as previously reported?
Glucose-6-phosphate dehydrogenase (Gd-PD) determination. Gd-PD was measured using a Sigma kit (345-UV) for kinetic determination of enzyme activity at 340 nm. Complete lysis was ensured by freezing in liquid nitrogen and thawing in water three times. Samples were spun in a microfuge, to remove particulate matter, before recording UV absorption: kinetics were measured at 30°C and (3-6-PD activity was recorded as units per gram of Hb. One unit is the amount of G-6-PD activity that will convert 1 kmol of substrate per minute. To study the potential effect of ligand on the density distribution of SC RBC and reticulocytes, the following experiment was performed. Cells suspended in plasma were first partially deoxygenated by alternate exposure to N, and vacuum in a serum cap-sealed tube. They were then transferred to an N,-filled glove bag and the suspension was layered on top of 5.9 mL of Percoll-Larex gradient mix, to which 20 kL of a 1 mol/L solution of dithionite in saline had been added. The tubes were stirred and the sample was allowed to equilibrate for 30 minutes at room temperature, after which the tubes were centrifuged as described in the section for density fractionation. Samples for scanning microscopy were obtained from the dithionitetreated gradients by removing them with a syringe previously washed in dithionite solution. Before fixing in 10% buffered formaldehyde, the cells were washed in saline containing 20 WLof 1 mol/L dithionite per 10 mL. SC and AA whole blood equilibrated with CO and incubated with the same concentration of dithionite for 30 minutes were used as controls for these experiments. For reticulocyte preparations, the dithionite was washed out with two 1:20 washes with deoxygenated saline, and the cells were resuspended in plasma before incubation with supravital dye. There were too few naturally occurring SC crystals to allow reliable determination of changes in the percent of crystal-containing cells after deoxygenation; therefore, 5% NaCl was added to SC whole blood to reach a final osmolarity of 820 mOsm/Kg H?O. After 4 hours, sharp-edged, distinct HbC-like crystals were well formed. These cells were then deoxygenated either by alternate vacuum and N, with hand agitation or in a tonometer with intermittent mixing (Instrumentation Laboratories, Lexington, MA). The percent of oxygen saturation was determined by Cooximeter readingsof aliquots (Instrumentation Laboratories). In both cases, less than 10% oxygen saturation was reached in about 15 minutes and the cells were then maintained deoxygenated for another 20 minutes. Aliquots were examined at 15-minute intervals and crystals were counted in wet Ligand-state effect on RBC density.
Effect of deoxygenation on intracellular crystals. To estimate the effect of KCI cotransport on the density distribution of SC whole blood and individual elements such as reticulocytes, SC whole blood was incubated in isotonic (280 mOsm) media in which C1-had been replaced with NO,-[the medium contained 10 mmol/L glucose, 0.5 g% bovine serum albumin [BSA], 5 mmol/L PO, buffer at pH 7.4, and 140 mmol/L NaNO, with 4 mmol/L KNO, and Mg(NO,),] for 30 minutes at 38°C. Because K:Cl cotransport is chloride dependent, any role that it might have is negated in the absence of C1-. At the end of 30 minutes the cells were washed with fresh isotonic nitrate media and then reconcentrated. The cells were then separated by density gradient centrifugation by mixing 0.5 mL of packed cells with 5.5 mL of isotonic Percoll-Larex mixture containing NO,-as the anion. The gradient was then fractionated into density classes SC1 to SC4 using the same depth in the tube as was used for chloride-containing gradients to separate the fractions. An aliquot from each fraction was taken for a reticulocyte count and was washed three times in isotonic saline and then resuspended in autologous plasma. The percent of cells in fractions (SC1 to SC4) was determined in two different ways. Grams of Hb in each fraction were measured by diluting the cells in each fraction to a known volume and determining the Hb concentration of an aliquot; alternatively, the density gradients were photographed and read by a densitometer as previously described6 with the exception that the depth in the tube was adjusted to conform to the separation used for SC blood. When these two methods were compared, we found a ratio of 1.17 f 0.14 (mean f SD) between grams per deciliter Hb per fraction and the densitometrically determined percent of cells in each fraction. Therefore, we used the densitometrically determined percent of cells in each fraction to calculate the absolute percent of reticulocytes in each fraction.
REF
The statistics program Statgraphics 4.0 (STSC-PlusWare, Rockville, MD) was used on an IBM-AT (International Business Machine, NY) for plotting and for the two-sample t-test.
Effect of isotonic NO,-on SC cell densiy. Table 1 summarizes pertinent findings in the 10 patients included in this report. The most striking finding was the presence of large visible intra-erythrocytic crystals in circulating RBCs of all SC patients with a normal complement of a-genes. Crystals in circulating RBCs (taken directly from finger-stick samples) could be seen not only in Wright and supravital stained smears, but also in "wet" preparations in which the finger-stick sample was collected directly into saline with 10% buffered formaldehyde (Fig 2A, B, and C) . Blood from three of the five SC patients with a-thalassemia who had the lowest mean corpuscular volumes (MCVs) did not exhibit intra-erythrocytic crystals. Regardless of a-gene status, there were RBCs in all patients that contained a single, eccentrically located, heavily stained globular (round) mass of Hb that we refer to as "billiard-ball cells" (Fig 3) . These cells are different from spherocytes in that the globular mass depletes the adjacent Hb and separates from the membrane, which then appears empty. These cells were seen on the blood smears of all SC patients and, when density gradient fractions were examined, they were found predominantly among the denser cells (SC4) ( Table 1) . In Table 1 , we compare the percent billiard-ball cell count of SC4 with that of SC2 (the most abundant density fraction in SC blood).
Statistics.
RESULTS
By scanning electron microscopy, SC patients, regardless of a-genes status, have striking, abnormally shaped cells (Fig 4) . "Multi-folded cells" were common (Fig 4A) , some of them having only a single fold and resembling pita bread (Fig 4B) . These are probably the cells that Krauss and Diggs" called "fat cells," because in the Wright-stained smear they appear as wide bipointed cells and the folding is difficult to appreciate. Cells with triconcave shapes, ie, Fig 5) ; however, cells in SC3 were also irregular in shape.
3. Crystal-containing cells and billiard-ball cells were found predominantly in SC3 and SC4 in SC patients with the normal complement of a-genes and in two of the five a-thalassemics with the largest MCVs (Fig 6) , although any inference must be tentative due to the small number of cases. These crystals were best seen and most easily counted in supravital-stained preparations because most of the crystals remained bright red, ie, unstained, in contrast with the bluish color of the cytosol Hb in the rest of the cells. In contrast, billiard-ball cells were found in all 10 SC patients, regardless of their a-thalassemia status (Fig 3,  Table 1 ). It is worth noting that the ISCs commonly found in the densest fraction in SS blood were uncommon in SC blood samples, even in the SC4 fraction (Table 1) .
4. When the separation was conducted at 37T, the highest absolute reticulocyte count (Fig 7) (absolute reticulocytes are the percent reticulocytes tines the percent cells in a fraction) was found in SC3 and SC4, which corresponds to densities greater than 1.0879 g/dL, although the highest percent of stress reticulocytes (as defined in Materials and Methods) was found in fraction SCl (Fig 8) . Under the same conditions, CC cells also exhibited increased reticulocyte counts in the densest fraction.' These findings contrast triangular cells with three dimples, were similar to those seen in acute alcohol intoxication that Bessis'* named "knizocytes" (Fig 4C) .
The density separation of SC cells (Fig 1) showed several features:
1.
Previously reported, most of the RBCS in sc individuals were denser than AA cells, with the majority of cells exhibiting a density intermediate between AA and C c cells.* was their shape. Fraction SC4 contained the most abnormally shaped strikingly with the usual distribution of reticulocytes in normal blood at 37°C in hemolytic anemias in AA and SS individuals and thalassemics. In most SS patients, 90% of all reticulocytes are found in SSl and SS2 at densities less than 1.091." In all of these cases, reticulocytes are among the lightest cells in the blood. However, if the separation of SC RBCs is conducted at 4"C, the majority of reticulocytes are found in SCl and SC2. 5. There was a ligand-dependent reduction of aggregated forms. We found that deoxygenation, both by hand with alternating vacuum and N,, and by tonometer, resulted in the disappearance of more than 80% of the crystals at the end of 30 minutes, and 95% to 100% of the crystals at the end of 45 minutes.
6. There was a ligand-dependent redistribution of RBCs and reticulocytes. In contrast to the effects seen in SS individuals," the density distribution of SC RBCs on deoxygenated density gradients showed a small reduction of cells in the densest fractions (SC3 and SC4). When cells were separated into four fractions and the percent of reticulocytes in each fraction was determined, we found that reticulocytes had migrated from the densest fractions (SC3 and SC4) to the less dense fractions (SCl and SC2) (Fig 9) .
7. The replacement of chloride with nitrate had an effect on the distribution of RBCs and reticulocytes. Incubation of SC whole blood in isotonic nitrate medium effected only a small shift in density distribution, with some cells moving from the two densest fractions, SC3 and SC4, into the two lighter fractions, SCl and SC2. However, a much more striking shift in the density distribution of reticulocytes occurred. Dramatic effects were seen on the absolute reticulocyte distribution shifted from a maximum in SC3 and SC4 to a maximum in SC2 in the five patients studied by this approach (Fig IO). 8. G-6-PD determination in the oxygenated SC fractions (room temperature) showed that the activity was similar in all of the density fractions (data not shown). This result is in contrast to AA and SS blood, in which the enzyme activity decreases pari-passu with the increasing density of the fraction, presumably due to the presence of older cells in higher density fractions. These results in SC blood must be interpreted in conjunction with the abnormal density distribution of reticulocytes and the progressively more abnormal shapes observed on scanning electron microscopy (EM). The low G-6-PD activity of the presumably older cells found in SC3 and SC4 (based on their abnormal shapes) is compensated for by the increase in the number of reticulocytes in those denser fractions, resulting in a flat distribution of G-6-PD at all cell densities.
Finally, p-gene cluster haplotypes were determined in all patients as a matter of record. Because of the small size of the sample, it is impossible to draw any conclusions from the data.
DISCUSSION
The data presented here show that circulating RBCs of patients with SC disease do contain crystals. The presence of circulating crystals in SC disease needs to be compared with this tendency in CC and AC genotypes. While all CC individuals form tetragonal CC crystals "in vitro" after dehydration or exposure to hypertonic medium," circulating HbC crystals are observed predominantly in splenectomized CC individuals. SC patients have a greatly reduced splenic function by the time they reach adulthood, although they retain a palpable spleen longer than SS individ~als.'~ In AC subjects, crystals are not observed either "in vivo" or "in vitro"."
The formation of morphologically identifiable crystals appears to be only the tip of the iceberg in terms of Hb aggregation (which is different than HbS polymerization) in SC cells. RBCs with "marginated" Hb, but not sharp crystal-like edges, were commonly observed in Wrightstained smears, "wet" preparations, and supravital-stained reticulocyte smears in these patients. These "marginated," globular dense bodies incorporated most of the RBC Hb (billiard-ball cells) and were observed in the densest gradient fraction of all SC patients (Fig 3, Table 1 ). Striking morphologic differences, in addition to the crystal-containing cells, are another feature of the blood of SC patients. Scanning electron microscopy shows unusual shapes of SC cells in the different density fractions. Fraction SCl exhibits flattened RBCs and occasional "folded cells." These characteristics are more prominent in SC2 and SC3. In this latter fraction, triple-folded cells are quite common. Of note is that these "folded" cells are reminiscent of RBC abnormalities found in HbC homozygotes.' Finally, in SC4, grossly pitted cells, bizarre folded cells, and cells that appear to have intracellular "crystals" are apparent. The presence of true crystals is confirmed by "wet" preparations and supravital-stained smears under light microscopy (Figs 2 and 6 ). These crystals rapidly disappear under fully deoxygenated conditions, which is similar to the Another unique feature of SC disease is the presence of dense reticulocytes. When the density separation is performed at 37T, the highest percent of reticulocytes is found in the SC4 fraction, while the highest absolute number is found in fractions SC3 and SC4. However, if the separation is performed at 4"C, SC reticulocytes are found in the top two fractions. Low temperature inhibits KCl cotransport" and many other RBC processes. The high density of SC reticulocytes observed at the physiologic temperature of 37°C more accurately reflects the in vivo density distribution. At 37"C, 90% of SC reticulocytes are found at densities in excess of 1.087 g/dL. In contrast, 90% of SS reticulocytes are found at densities less than 1.091 g/dL.
Stress reticulocytes, the youngest forms, are present in the highest percent in SC1. The finding of most of the SC reticulocytes in dense fractions is surprising, because in AA and SS individuals, reticulocytes of all ages are predominantly low-density cells at 37°C. One explanation for this result is that reticulocytes in SC disease exit the marrow as low-density cells and become dense within 24 hours, sinking to the denser fractions. The G-6-PD data show that either SC cells do not exhibit the characteristic reduction of enzyme level usually associated with aged high-density RBCs or that the high-density cells are a mixture of old and young cells.
Why are SC reticulocytes so dense? Brugnara et al'*.'' were the first to detect a volume-stimulated K+ efflux in CC and SS cells. Canessa et almI2' were the first to establish that this transport system was C1-dependent and stimulated by N-ethyl maleimide (NEM) in CC and SS cells. These findings showed that the volume-stimulated K+ efflux reported by Brugnara et a1'8.1y was, in fact, the KCl transport system previously discovered by Ellory and Dunham" in sheep RBCs. Hall and E l l~r y ?~ Canessa et al,7324325 and Brugnara et a126327 further showed independently that this transporter was predominantly present in young RBCs (including HbA reticulocytes), explaining its elevated activity in SS blood.
These previously reported experiments do not settle the origin of the increased density of CC cells nor can they, by themselves, explain the increased density of SC reticulo- cytes. Nevertheless, the data in Fig 10 provide a partial explanation for the phenomena. The density distribution of SC reticulocytes, but not mature cells, shifts when C1-is removed from the media and replaced by NO,-, the percent of dense cells is reduced, and the reticulocytes move to less dense fractions. Because KCI cotransport is abolished under these circumstances, we conclude that SC reticulocytes are endowed with a highly active KCl cotransport system (even at isotonic conditions) that decreases RBC volume when the K' and C1-efflux are not compensated with Na' influx or Na'/H' exchange. KCl cotransport and Na'/H' antiport activity in CC cells have been measured by Fabry et al' and will be reported in full elsewhere, including similar data for SC cells.
This finding should not be confused with the early observation of Bertles and Milnera (recently confirmed by Bookchin et al)29 that SS dense cells mostly originate directly from the lightest density fraction. In the case of SS, the densest cell fraction does not contain a significant number of reticulocytes, although the cells are younger than less dense fractions. The unusual finding in SC blood is that most mature reticulocytes are observed in the densest fraction.
What are the implications of these findings vis-a-vis the pathophysiology of SC disease? We need to understand why SC patients exhibit circulating RBCs containing crystals. There are three factors to consider, which are not mutually exclusive: (1) the spleen fails to eliminate crystal or aggregate containing RBCs due to infarction and/or functional asplenia (secondary to blockade of reticuloendothelial cells); (2) HbS accelerates the crystallization of HbC in vitro," and it is reasonable to infer that this phenomena might occur also "in vivo"; and (3) although the percentage of HbC is only about 50% in SC patients, this Hb is at a higher intra-erythrocytic concentration than in HbC trait RBCs (which also contain 50% HbC). This increased density (MCHC) in SC RBCs is the result of a more active KCI cotransport system in the young RBCs.
Why are crystal-containing SC cells particularly prominent in the densest fraction? There are two possible explanations: (1) the presence of crystals increases the density of these cells (the concentration of Hb crystals is about 68 g/dL) and/or (2) the SC cells that are, for whatever reason, destined to become densest are also likely to produce crystals as a byproduct of the progressive increase in MCHC. This phenomenon is, of course, reminiscent of CC disease,' in which crystals are found in the highest density fraction.
Does the presence of SC cells containing crystals and aggregated Hb contribute to the vaso-occlusive events in SC disease? The answer is most probably no. Based on the data presented here, and knowledge acquired in the study of CC di~ease,".~' some predictions can be made as to the pathophysiologic role of SC RBCs containing Hb aggregates and crystals in vaso-occlusion. As in CC, we have shown that SC crystals melt on deoxygenation, presumably because their crystal structure is based on Hb in the oxygenated conformation, which then changes when oxygen is removed.'' Hence, the previous analysis developed for CC disease is also applicable to SC disease. After initial vaso-occlusion, low pH and progressive deoxygenation follow, leading to melting of the crystals and increased deformability. In contrast, SS cells become even more rigid under these conditions. In addition, the lower MCV of SC cells affords partial protection from obstruction?' These characteristics of SC cells might contribute to the lower incidence of painful crises in SC disease when compared with sickle cell disease.
In summary, the findings reported here are the following:
(1) in addition to the already reported higher than normal MCHC of SC cells,' the percent of the very dense cells seems to depend in part on the a-thalassemia status, although this fact needs to be confirmed in a larger sample; (2) crystal-containing cells circulate and are observed in the densest fractions; (3) deoxygenation melts intracellular crystals and decreases the MCHC of some of the very dense SC cells (SC3 and SC4), suggesting that other forms of Hb aggregation, besides the morphologically recognizable HbClike tetragonal crystal, occur in these cells and are liganddependent; (4) the majority of SC reticulocytes are of high density, although they might not have entered the circulation in that state. Deoxygenation or removing C1-from the extracellular media dramatically shifts these reticulocytes to lower densities. A highly active KCl co-transport in SC reticulocytes is probably the basis for this phenomenon; and (5) multi-, tri-, or unifolded RBCs are a morphologic feature of SC disease, similar to those of CC disease. ' We conclude that RBC heterogeneity in SC disease is under a different pathophysiologic control than in SS disease, due to the effects of the presence of HbC, including HbC-driven crystal formation in some of the dense SC cells, high-density reticulocytes, and a tendency to form "folded" RBCs.
